During free viewing visual search, observers often refixate the same locations several times before and after target detection is reported with a button press. We analyzed the rate of microsaccades in the sequence of refixations made during visual search and found two important components. One related to the visual content of the region being fixated; fixations on targets generate more microsaccades and more microsaccades are generated for those targets that are more difficult to disambiguate. The other empathizes non-visual decisional processes; fixations containing the button press generate more microsaccades than those made on the same target but without the button press. Pupil dilation during the same refixations reveals a similar modulation. We inferred that generic sympathetic arousal mechanisms are part of the articulated complex of perceptual processes governing fixational eye movements.
Introduction
It is well known that eye fixations are characterized by a rich continuum of small motions of the eye. In particular, microsaccades, tiny jumps of the eye position that occur during fixation have been attracting a lot of attention because of their correlation with many aspects of visual perception (see for example Engbert, 2006; Rolfs, 2009) . Microsaccades share with their macro (saccade) counterparts several physiological, dynamic and perceptual mechanisms. For example, their peak velocity linearly increases as the movement amplitude increases, following a relationship well known in the eye movement community as main sequence. Moreover, the microsaccadic sampling rate, one discrete event every 200-500 ms, is similar to what is observed for normal sized saccades (Benedetto, Pedrotti, & Bridgeman, 2011; Otero-Millan et al., 2008; Rolf et al., 2008; Zuber, Stark, & Cook, 1965) . Microsaccades are believed to produce cortical transients that facilitate spatial and temporal integration in the visual system allowing synchronization among different cortical structures and thus enhancing and allowing perception (Leopold & Logothetis, 1998; MacEvoy, Hanks, & Paradiso, 2008; Martinez-Conde, Macknik, & Hubel, 2000 Melloni et al., 2009; Rolfs, 2009) . They are closely interconnected with attention; this is evidenced for example by a widely documented pattern, first an inhibition of microsaccades (and then an augmentation) in anticipation of (and then in response to) a perceptual event (Betta & Turatto, 2006; Engbert & Kliegl, 2003; Gowen et al., 2007; Laubrock, Engbert, & Kliegl, 2005; Rolfs, 2009 ). In addition, cuing experiments have been employed to demonstrate a link between microsaccades and attentional shifts during eye fixation (Engbert, 2006; Engbert & Kliegl, 2003; Rolfs, Laubrock, & Kliegl, 2006) even though the agreement of the microsaccade direction with the attentional cue is a source of debate and it might ultimately depend on experimental settings concerning the type, position and timing of the cue used in the experiment (Gowen et al., 2007; Horowitz et al., 2007; Laubrock et al., 2010; Martinez-Conde, Otero-Millan, & Macknik, 2013; Tse et al., 2004) . In free viewing, the rate of microsaccades and the duration of the fixations seems to be correlated with the visual content of the image and the visual task (Otero-Millan et al., 2008) ; it follows that microsaccades could be triggered by small attentional shifts serving to scan and visually resolve the small regions being fixated (Donner & Hemilä, 2007; Otero-Millan et al., 2008; Rolfs, 2009) .
At the saccadic scale, eyes position is intently and ballistically moved over different regions of interest in the scene to allow foveation. The sequence of movements appear spontaneously without specific instructions to subjects and has been shown to be repetitive (Bahill & Stark, 1979; Noton & Stark, 1971a) . This implies that viewers tend to refixate one or more times the same location in the field of view during the visual search or viewing session (Smith & Henderson, 2011a , 2011b . The phenomenon has several interpretations: either, (i) a memory limitation that requires revisits of previously attended locations (Gilchrist & Harvey, 2000; Peterson et al., 2001; Wienrich, Heße, & Müller-Plath, 2009) or, (ii) the presence of a time limited allocation of attention for each fixation causing the next saccade to be generated even when the processing of the current location might not be completed (and needs to be completed with future refixations, Henderson, 1992) or, (iii) a particular saliency of a region that is contingent on the visual task (i.e. a visual target requiring further confirmation, Droll, Gigone, & Hayhoe, 2007; Henderson, Malcolm, & Schandl, 2009) .
Our results confirm that locations in the image containing a target are refixated more frequently. The rate of microsaccades and the duration of the fixations during a visual search were both correlated with the spatial information in the fixation or the visibility or contrast of the target fixated. In cases where the target location is refixated, we also found a modulation of microsaccades that depends on which fixation the target was recognized and reported. This defines an association with non-visual cortical prerogatives that mediate the decision-making and motor response.
The mental effort involved with the process of decision-making, especially in times of hesitation or uncertainty, can be monitored by looking at other expressions of the human body. For example, the human pupil is known to be associated with perceptual mental activities related to decision-making and target detection (Einhä-user, Koch, & Carter, 2010; Einhäuser et al., 2008; Privitera et al., 2010) . The pupil responds with dilation to visual detection and the amount of dilation depends on the presence of a button press reporting the detection. We analyzed pupil dilation during eye fixations and we found the same modulation observed for microsaccades. We propose that generic sympathetic arousal mechanisms could be part of the articulated complex of perceptual processes governing micro eye movements.
Methods

Visual stimuli and image presentation
Visual stimuli were synthesized with the amplitude spectra of natural images; that is approximately equal to reciprocal of the spatial frequency (the 1/f rule, Burton & Moorehead, 1987) . Using artificial images allowed full control of the positioning, number, contrast and size of the targets in the image. The procedure for generating realistic 1/f images was as follows:
1. A satellite photo of mountain terrain was used as a template or seed for the generation. 2. Fourier transform was taken of the image and phases were randomized keeping conjugate symmetry. 3. The image was reconstituted using the original spectra and the scrambled distribution of phases. 4. Finally, a non-linear gamma transformation of the pixel values aimed to skew the histogram towards higher luminance was applied to the resulting images. The gamma pixel level distribution is skewed towards brighter intensity because the luminance and contrast of natural images have very low correlation (as suggested by Frazor & Geisler, 2006) .
The procedure is automatic and can generate an unlimited number of images (each with its own randomization as specified above in point 2) out of the same unique template. The resulting images looked noisy (Fig. 1, left) but they preserve the natural spatial and orientation structure of the template. Image size was 620 Â 620 pixels and subtended a visual angle of approximately 10°. The targets were Gabor patches at different orientations; the frequency of the patches was set equal to 0.075 cycles/pixel (4.65 cy/deg) and the sigma of the Gaussian was 8 pixels (7.25 arcmin of visual angle). The patches were zero-mean normalized, their gray level ranged between À1 (black) to 1 (white) and then multiplied by a scalar gain controlling the contrast or visibility of the patch; a scalar gain of 1 means maximum (or 100%) contrast. Two different gains were used, 0.15 (15% of full contrast, i.e. less visible) and 0.25 (25% of full contrast, i.e. more visible).
Gabor targets were added to the original image with their locations randomly selected for each presentation. The number of targets (0-3) was randomly chosen at each image presentation. If two or more targets were selected, each of them was randomly assigned to a quadrant in the image and the position within a quadrant was randomly assigned. A quadrant could only contain one target. The arrow (Fig. 1, left panel) identifies a target rotated 45°.
Stimuli were presented sequentially to the subjects in blocks of 10 unique images, four seconds per image, using the WinVis stimulus delivery software that provided synchronization pulses to align eye, pupil and button press data with stimulus presentation (Carney, Ales, & Klein, 2006) . The WinVis linearization routine was also used to linearize the luminance of the monitor.
Fifteen subjects (ten males, 24-60 years old) participated in the experiment. They were seated in a booth that isolated them from the surrounding environment. The booth contained the EyeLink 1000 head supported eye-tracker system (http://www.sr-research.com/EL_1000.html, temporal resolution of 1000 Hz) for recording monocularly, eye position and pupil diameter. The monitor was the only source of illumination. The experiment was approved by the Committee for the Protection of Human Subjects at the University of California, Berkeley.
Subjects were instructed to search for a Gabor and a few examples were showed to each subject prior the experiment; they were asked to press a key on the keyboard anytime they found a target. They were also informed that each image could have zero or at most three targets. A rest of few seconds was provided between consecutive images during which subjects were asked to fixate a point in the center of a salt-and-pepper noise image having the average luminosity of the images used for the experiment. Each subject completed at least ten blocks of images (one hundred measurements).
Definition of microsaccades
The definition of microsaccades in a free viewing paradigm is problematic; analysis of the velocity waveform and amplitude is the only possible criterion (Martinez-Conde, 2006; MartinezConde & Macknik, 2008) but, as discussed above, both types of saccades share similar if not identical dynamics and neuro-physiological characteristics (Engbert, 2006; Otero-Millan et al., 2008; Zuber, Stark, & Cook, 1965) . Operationally, microsaccades are involuntary saccades produced during an attempted stable fixation; their characteristics have been investigated by many authors, resulting in a wide and often contradictory range of physical parameters. Amplitude of microsaccades for example, ranges from small flickers (1 0 -20 0 arc) as reported by Ditchburn and Ginsborg (1953) , West and Boyce (1968) , Winterson and Collewijn (1976) , Malinov et al. (2000) , up to larger movements (1 0 -120 0 arc) as more recently documented (see for example, Bair & O'Keefe, 1998; Engbert, 2006; Engbert & Kliegl, 2003; Hafed & Clark, 2002; Otero-Millan et al., 2008; Snodderly, Kagan, & Gur, 2001) . Speed or acceleration definitions of microsaccades also varies across studies (for a review, see Table 3 in Martinez-Conde, Macknik, & Hubel, 2004) .
In our analysis, the threshold for the peak velocity of a saccade was set to 50 deg/s; all movements slower than this threshold were defined as part of the fixation. A second pass was applied after the thresholding, and saccades smaller than 1.2°were considered as microsaccades and the two fixations before and after these microsaccades merged into one fixation.
Within a fixation, detection of microsaccades was performed using an algorithm similar to the one proposed by Engbert and Kliegl (2003) , based on a velocity threshold k 1 r adapted to the median estimator r of the velocity in the fixation. However, for the exact spatial extent of the microsaccade (before and after the peak velocity) a lower threshold k 2 r was used, k 1 = 6 and k 2 = 3.
To summarize; (i) fixations were defined using a general velocity threshold equal to 50 deg/s and an amplitude threshold equal to 1.2°; (ii) microsaccades are defined using a median estimator threshold for the peak velocity of the microsaccade (k 1 r) and its extent (k 2 r). The main sequence we obtained, and reported in the Supplementary material ( Figure S1 , center panel), is similar to those reported elsewhere (see for example, Martinez-Conde et al., 2009; Møller et al., 2002; Otero-Millan et al., 2008; Valsecchi, Betta, & Turatto, 2007) . To further support the 1.2°threshold using the bimodal criterion put forward by Mergenthaler and Engbert (2010) , we calculated the Hartigan's dip test on the saccade amplitude density function of the main sequence ( Figure S1 , top panel) and we found a significant bimodality (p = 0.004) with a dip at around 1.2°. We also tried 1 degree as suggested by Otero-Millan et al. (2008) and our results did not change. The Supplementary data ( Figure S1 , bottom panel) shows a typical recording; the module of the eye movement velocity during the four seconds recording of a single image and the velocity peaks classified as corresponding to inspection saccades 'i' or microsaccades 'm'.
In a typical measurement (Fig. 1, right) , the eye's scanpath wanders over the entire image in a sequence of well-defined fixations (see blue trace and clusters of colored dots corresponding to fixations); the target is eventually fixated (see ellipses) but only later, in a subsequent fixation, detected and reported (thicker ellipse). All fixations are represented by ellipses fit to the cluster of eye movement data points defining the fixation (only the ellipses corresponding to fixations on targets are shown in Fig. 1 , yellow, red and cyan ellipses); the size of the ellipses depends on the spatial distribution of the cluster, their axes enlarged by an additional one degree to accommodate the human foveal spans. If ellipses overlapped or intersected each other, the corresponding fixations were considered refixations (see again example in Fig. 1 , right, the yellow, red and cyan ellipses are all refixations). If they overlapped with a target, they were considered as target fixations.
We want to finally emphasize that, even if fluctuations of the pupil diameter generate spurious eye position artifacts (Ivanov & Blanche, 2011) , cross-contaminations between pupil fluctuations and microsaccades are not possible because the two systems operate at very different time scales (see Wyatt, 2010 and Section 3).
Statistical analysis
Fixations were divided into targets and background depending on where they landed -and target fixations were again classified as detected if the viewer reported the target with a button press. Button press could occur at the first fixation on target, or later during one of the subsequent refixations. If no button press was reported in any of the refixations, the target was classified as a miss. We analyzed the probabilities of refixation for each of these types of fixation using a Markovian model (Fig. 2, refer to the Results Section for discussion) in which the states of the model are Fig. 1. A target (left, arrow) is embedded in a 1/f synthetic image. Viewer searches the target executing a sequence of fixations over the entire image (right panel, clusters of colored dots); the target is eventually fixated (yellow ellipse) but only during later (re)fixations (red and cyan ellipses) it is reported with a button press (thicker cyan ellipse). either the first fixation or a refixation and the transition probabilities of the model correspond to the frequency the eye moves in and out these two states. The transition probabilities corresponding to the three different types were compared using a Binomial test.
In the multi-way analysis of variance, ANOVA, (Fig. 3 and 4 , refer to Section 2 for discussion) ''target detected'' fixations were further divided into two separate groups: (a) those that landed on a target that the subject either already reported in one of the previous fixations or would eventually report in one of the future fixations and, (b) those that landed on a target while the subject was reporting it with the button press. In other words, for each viewed target, we wanted to specifically identify those fixations that elicited the decisional motor response and separate them from the other fixations on the same target. To summarize, the four conditions are:
Fixations on background. Fixations on target that were missed. Fixations on targets previously or subsequently reported with a button press. Fixations on target concomitant with a button press. We also considered the contrast or visibility of the target and the order of the refixations; the latter was to measure a possible effect of surprise, whether for example the first fixation on a location would elicit a different rate of microsaccades from the later refixations. The ANOVA test was applied separately to the rate of microsaccades and the duration of the fixation. Since all observers performed almost the same number of measurements, we pooled together all measurements of all observers rather than across observers.
Pupil diameter was recorded for the entire duration of the measurement and subsequently segmented into short periods corresponding to the start and end of all the fixations detected in that measurement. For each of these pupil segments, time zero would correspond to the time of the saccadic landing for that fixation and the segment would last the same duration of the fixation. All segments, from all measurements and subjects, were finally grouped together on the basis of the four different conditions discussed above -background, missed targets, targets detected but no button press, targets detected with button press. Background fixations were considered as the baseline/control condition and the other three categories compared to this control. For significance testing we used a cluster-based permutation test (Maris & Oostenveld, 2007) , to compensate for the multiple comparisons and correlated noise issues. This avoids the overly conservative Bonferroni correction to the t-test analysis (see also, Privitera et al., 2010; and Dandekar et al., 2012) . The clusterbased permutation test consisted of the following steps: (i) first, all segments from the two conditions to compare were gathered together and then randomly divided into two new subsets of ''randomly chosen'' groups of pupil segments; (ii) a one-tail t-statistics was then calculated between these two random distributions. T-values were then summed across those temporally adjacent time points in the t-statistics having a p-value of 0.05 or less and the maximum of the sum recorded; (iii) steps (i) and (ii) were repeated 1000 times; (iv) all the maxima recorded for the 1000 iterations were then rank ordered; (v) the maximum of the sum for the one-tail t-statistics of the original (not randomly scrambled) distribution compared to the condition (background) distribution was calculated; (vi) the final p-value was defined by the position of this last maximum in the rank order of all the maxima recorded for the 1000 iterations: a rank in the first 50 positions is associated to a p < 0.05 and displayed with a shaded gray background (Fig. 5) .
Results
The Markov chain model shows the probabilities of refixation for the different conditions (Fig. 2) . Two types of states are defined and they correspond to the first fixation (State 1) or to possible refixations (State 2) on each given location. Eyes can fixate one location for the first time and then exit and never return, or refixate that same location; in case of refixation, again the eyes can exit and never return (only two fixations) or refixate again. All transitions probabilities in and out these two states are represented in the Markov model for the different conditions (Fig. 2) .
Transition probabilities correspond to the frequency of the revisits; the probability of returning or not to the location of the first fixation and, in case of a return, the probability to return again. To better clarify this point let's consider a hypothetical example: Fig. 3 . Rate of microsaccades as function of contrast and order of refixations. Contrast in the abscissa (left panel) corresponds to the percent of full contrast of the Gabor patch being added to the image background; hence 15% patches are less visible than 25% patches. For the zero percent contrast condition (no target present) where fixations occurred on the background, reported detections indicate a false alarm, i.e. the viewer reported a target that was not there.
the symbol B represents a background location, the symbol T a target location (let's say with button-press) and arrows are saccades. A typical scanpath would look like: B1 ? B2 ? B3 ? T1 ? B2 ? T1 ? B4 ? T2 ? B5 ? B2 ? T2 ? T1 ? B3. Let's consider only fixations on the background in this example; in State 1 (Fig. 2, left) we have five Bs, three of them are fixated only once (B1, B4 and B5, exit probability = 3/5), two Bs are revisited at least twice (B2 and B3, refixation probability 2/5). We now consider State 2 (Fig. 2,  right) : that is the two locations refixated (B2 and B3); one location (B2) is re-refixated and one (B3) not, it would be 1/2 probability for both in this example. The same logic applies to the Ts. Of course, the probabilities are different in the real data for the large number of all fixations collected in the experiments (and reported in the model, Fig. 2) , however, the procedure in this simple example is what was used to obtain those probabilities.
Data shows that for background (Fig. 2, upper panel) , 80% of the fixations are not repeated and among those that are repeated, 15% are repeated again (SE of probabilities reported in parenthesis). This is different from fixations on targets; both detected and undetected targets yielded a higher probability of refixations (Fig. 2 , middle and bottom panel): 0.40 for detected and 0.39 for missed (compared to 0.20 for background, p < 0.001). The re-refixation rate, compared to background, shows a similar discrimination and statistical significance (Fig. 2, right column) . However, when the detected and missed conditions were compared, the Binomial test did not show a significance discrimination of the transition probabilities.
The rate of microsaccades and the duration of the fixations are displayed as a function of target contrast (Fig. 3 and 4 , left panels) and the order of fixation (Fig. 3 and 4 , right panels) for the different conditions. Fixations on background (Fig. 3 and 4 , left panels) are in black triangles and reported in the abscissa at contrast zero. Fixations on detected target are the orange diamonds (with button press) and the green squares (w/o button press); those reported at contrast zero (with a dashed line) signifies no target, i.e. false alarms. To better explain the order of fixations (Fig. 3 and 4 , right panels) let's consider the diamond-orange line (target detected with button press); 1st fixation represents those targets fixated for the first time and immediately reported, 2nd fixation refers to the second visit of the target, the same target was already fixated but only during this second visit was it detected, 3rd means a third or subsequent revisit before detection. Remember, the 5 . Modulation of pupil diameter during the different types of fixation: fixations on target that were missed (left); fixations on targets previously or subsequently reported with a button press (center); fixations on target concomitant with a button press (right). Pupil modulation for fixations on background is reported in each panel for comparison (in black and labeled with the letter B). Time zero coincides with saccade landing; shaded areas indicate standard error and the gray section (right, for detection and button press) indicates pupil dilation (statistical significant according to the permutation clustering analysis).
diamond-orange line refers only to fixations that also include a button press; the square-green line on the other hand are fixations on the same target that do not include button press (i.e. it was previously or subsequently reported). The ANOVA test shows a significant main effect for contrast (Fig. 3, F(1, 3032) = 34.5, p < 0.001), a significant main effect for condition (button press or no button press, detected or miss, target or background, F(2, 3032) = 11.4, p < 0.001) but not significant for the order of fixations. For the duration of fixation (Fig. 4) the results were similar, a significant main effect for contrast (F(1,3032) = 41.7, p < 0.001), a significant main effect for condition (F(2,3032) = 235.3, p < 0.001) but not significant for the order of fixations.
Thus, the content of the fixation affects both the rate of microsaccades and the duration of the fixation -targets generate more microsaccades than misses and background, and fixations are longer. The presence of the button press induces a large effect -compared to fixations (on the same target) occurring before or after the button press, the fixations containing the button press have more microsaccades. Another large effect is represented by contrast -i.e. less visible targets generate higher rate (and longer fixations). Finally, the order of the fixations, we called this a measure of novelty or surprise, is influential.
Pupillary behavior was analyzed for the same conditions; for fixations on background, for fixations on targets with and without button press and for misses (Fig. 5 , same color coding as in Figs. 3 and 4). All pupil segments show a typical small initial constriction of the pupil whose onset is approximately at 200 ms from the saccade landing -this is expected, likely due to spatial structure transient (induced by the change of the location of the fixation) known to trigger small constriction reflexes (Barbur, 1991) . A significant dilation is registered only (and evidenced by the shaded gray section, Fig. 5 , representing statistical significance at p < 0.05) for those fixations containing a button press (Fig. 5, right) . Pupil segments for missed targets (Fig. 5, left) and target detected but not button press (Fig. 5, center) show no significant dilation and a behavior similar to the background fixations. We have not found any effect of contrast.
Discussion
Visual recognition relies on the oculomotor apparatus for directing the high spatial resolution of the fovea over different regions of the field of view and thus allocating the necessary attentional resources. The analysis of the pattern of eye movements can reveal important insights about the cognitive engram controlling our perception as evidenced for example by the pioneering work of Yarbus (1967) . We focused in this study on one important characteristic of eye movements, their repetitive character, showing their tendency to go back to previously fixated locations. We discussed possible interpretations of this phenomenon -they all point to some functional limitations of the brain, the necessity of additional perceptual resources (memory, attention) possibly depending on the saliency of the regions being fixated (Droll, Gigone, & Hayhoe, 2007; Gilchrist & Harvey, 2000; Peterson et al., 2001; Wienrich, Heße, & Müller-Plath, 2009 ). Our Markov model (Fig. 2) indeed shows a stronger tendency of refixations exactly for those locations containing a target -a relationship between saliency and refixation found also by others (Droll, Gigone, & Hayhoe, 2007; Henderson, Malcolm, & Schandl, 2009 ). The Scanpath theory of Noton and Stark was also based on the repetitive character of eye movements proposing a strong top-down intervention in the control of eye movements to confirm and support an a priori internal perceptual model (Noton & Stark, 1971a , 1971b . Our abstract stimuli obviously reduced top-down impacts on the scanpath strategies favoring instead localized bottom-up foveal processes.
While a viewer is trying to maintain a fixation to foveate a region of interest, tiny (micro)saccades occur that have been associated with important aspects of perception and cognition (some reviews: Engbert, 2006; Martinez-Conde, Macknik, & Hubel, 2004; Rolfs, 2009) . In fact, these fixational eye movements share with their (macro) saccadic counterparts many characteristics. They are modulated by the attentional demand necessary for the given task and spatial content of the fixation resembling a miniature visual search path at a foveal scale (Haddad & Steinman, 1973; Ko, Poletti, & Rucci, 2010; Otero-Millan et al., 2008; Steinman et al., 1967) . It is largely accepted that microsaccades favor spatial and temporal summation during foveation and serve to synchronize different cortical structures necessary for perception. As with larger saccades, they may implement an optimal transient sampling method to collect and process visual information (Leopold & Logothetis, 1998; MacEvoy, Hanks, & Paradiso, 2008; Martinez-Conde, Macknik, & Hubel, 2002 Melloni et al., 2009; Rolfs, 2009) .
We studied the rate of mcrosaccades and the duration of fixations during a free viewing visual search protocol. We found that microsaccades reflect the saliency of the object of interest -fixations on targets generate more microsaccades and more microsaccades are generated for those targets that are more difficult to disambiguate. This finding is consistent with the notion of cognitive demand or attentional load inherent in the process of recognition. It is also consistent with a possible role of microsaccades in visual acuity and enhancement of spatial detail (Donner & Hemilä, 2007; Ko, Poletti, & Rucci, 2010; Rucci et al., 2007) even though some studies have reported a different behavior, i.e. an inhibition of microsaccades in concomitance of high-acuity visuomotor tasks, (Bridgeman & Palca, 1980; Winterson & Collewijn, 1976) .
We also found that microsaccades are augmented in the presence of the decision triggering the button press for detection. It is not a perceptual competence per se but a broader process involving other neural bases and a complexity of factors such as social, cognitive and, of course, emotional. It has long been acknowledged in fact that emotions influence decision making, especially in situations of uncertainty or scrutiny or when a subject is facing novel situations in unfamiliar settings (Bechara, Damasio, & Damasio, 2000; Pfister & Böhm, 2008) . It is known that an important role is played by the locus coeruleus, LC, a nucleus in the brainstem involved with physiological responses to stress and the principal neuronal source of noradrenaline, a neurotransmitter associated to attention and decisional mechanisms in the brain (Aston-Jones & Cohen, 2005; Bouret & Richmond, 2009; Bouret & Sara, 2005) .
Recent studies have discussed the role of the locus coeruleus, LC, in complex visual cognitive and perceptual decision processes (Einhäuser et al., 2008; Einhäuser, Koch, & Carter, 2010; Privitera et al., 2010) . In particular these studies have analyzed the dilation of the pupil, a mechanism consistent with the notion of LC activation, during visual discrimination. These studies found a correlation with the visual decisional process involved in the task. For example Privitera et al. (2010) reported that the human pupil responds with dilation to visual detection. We applied in this study the same rationale, analyzing pupil dilation in all the four conditions of eye fixations and found a similar pupil dilation in the presence of the decision triggering the button press for detection. Thus, both microsaccades and the pupil point specifically to those fixations that include visual detection and decision -likely they are both expressions of the same neurological substrate triggered by the decisional process.
Note that microsaccades and pupil dilation have different dynamics -the motor control of the pupil is characterized by a very low frequency response (Privitera & Stark, 2006; Stark & Sherman, 1957) ; to subsist during the fixation (as evidenced in Fig. 5 , right panel) the slow dilation must be initiated right after saccadic landing. Microsaccades are very rapid micro jumps of the eye occurring several times during the fixation. Consequently, a microsaccade-contingent computation of pupil waveform (similarly to what is done for example for EEG) would be inappropriate. The coupling between the two phenomena is indirect -increase of microsaccades rate and pupil dilation both point to the same condition, those fixations associated to recognition and the intention and consequent preparation for the button press.
